Abstract Sustainable management of water resources requires identification and management of critical erosion areas for reducing the reservoir sedimentation. A processbased distributed model SWAT (Soil and Water Assessment Tool) was used to identify critical erosion watersheds in Damodar catchment and tested soil and water management strategy to reduce sediment transport to reservoirs for improving their useful life. The model was calibrated and validated using measured runoff and sediment yield from two watersheds and two reservoir inflows. The validated model was also tested for its appropriateness by comparing the identified critical erosion area of the catchment with the erosion map prepared by Soil Conservation Department (SCD), Damodar Valley Corporation (DVC). The results show that the critical erosion area identified using modeling results matched spatially well with the DVC manually prepared area. Further, the validated model has been used to simulate the sedimentation in the reservoirs. The simulated sedimentation rate is 1.12 and 3.65 Mm 3 /year, respectively, for Konar and Panchet reservoirs for the studied period (1997)(1998)(1999)(2000)(2001), which is reduced to 0.98 and 1.80 Mm 3 /year, respectively, when the critical watersheds are treated with conservation measures. As a result of model identified and implemented management strategy, Konar and Panchet reservoirs will have an additional useful life of 8 and 85 years, respectively. Results show a successful incorporation of distributed hydrological modeling for identifying critical watersheds, developing effective management strategy for controlling soil erosion, reducing reservoir sedimentation and improving their useful life.
Introduction
Multipurpose reservoirs are constructed across the rivers with objectives like flood control, irrigation, hydropower generation, and water supply for industrial and domestic uses (Morris and Fan 1998) . Sedimentation is a major problem in reservoirs, which reduces the potential water storage capacity (McCully 1996; Cantelli et al. 2004 ) and leads to decreased water availability, increased evaporation losses, backwater flooding, and damage to hydropower stations (Morris and Fan 1998 ). These problems result in loss of benefits from the multipurpose reservoir projects constructed at huge costs.
Runoff and soil erosion from the catchment result from the complex interrelationships among climate, drainage area, land use and land cover (LULC), and human activities (Fan et al. 2004; Walling 2006; Roosmalen et al. 2009 ). Soil erosion process neither takes place from every part of the catchment nor is equally distributed because of varying differences of natural and man-made conditions. However, there are some critical areas in the catchment responsible for the high soil erosion (Tripathi et al. 2003; Srinivasan et al. 2005; Pandey et al. 2007; Xu et al. 2009 ). Effective control of soil loss requires implementation of effective management practices in critical erosion areas which can be done only if those areas are identified properly (Tripathi et al. 2003; Bracmort et al. 2006; Donnell et al. 2008; Tian et al. 2009 ). During the last two decades, there has been a dramatic increase in use of physically based distributed models, remote sensing technique and geographical information system to simulate complex hydrological processes of the watersheds. SWAT model (Arnold et al. 1998 ) has been used successfully for simulating runoff, sediment yield and water quality and is established as a useful tool for simulating hydrological processes in the catchment/ watershed. In recent studies, researchers have applied the SWAT model both for identifying the critical erosion areas (Tripathi et al. 2003; Behera and Panda 2006; Xu et al. 2009 ) and for developing the best management practices (Mapfumo et al. 2004; Tripathi et al. 2005; Tuppad et al. 2010; Zhang et al. 2010; Zhang and Zhang 2011; Smith et al. 2013 ) for these critical erosion areas in the watershed.
There are several methods which have been used in past to determine the amount of sediment in reservoirs, such as hydrography (Furnans and Austin 2008) , mathematical and computer models (Jothiprakash and Garg 2009; Mueller et al. 2010; Wu et al. 2012) , hydrometry (Heidarnejad et al. 2006) , bathymetric survey (Haregeweyn et al. 2012 ) and remote sensing (Goel et al. 2002) . But due to the differences in technique and environmental conditions; a comprehensive, precise, and economic method cannot be recommended. It has been found from the literature review that during estimation of reservoir sedimentation rate, researchers mostly neglected the properties of the drainage catchment, the main source of the sediment to the reservoir. It has been documented by many researchers around the world that LULC change, climate condition and human activities in the drainage catchment of a reservoir are largely responsible for increased reservoir sedimentation (Dearing and Jones 2003; Rose et al. 2011; Schiefer et al. 2013) . To improve technical, economical and environmental sustainability of reservoirs, the sediment source, possible changes in the drainage catchment and climate conditions must be studied carefully when considering the useful life of the reservoir. However, the use of hydrological modeling for reservoir sedimentation, control and management of sedimentation, and formulating the strategy to improve their life, has rarely been done so far except in a recent few studies (Sardar et al. 2013; Hunink et al. 2013) . Keeping this gap in mind of hydrological model application in managing reservoir sedimentation, SWAT model was used first for identification of critical erosion area and then for developing a management plan to reduce the reservoir sedimentation.
The study area is Damodar River catchment, located in Jharkhand state of India. The river has a high significance in the development of water resources, agriculture, mining, fishing and livestock production in the area. Existing reservoirs in the catchment are seriously affected by sedimentation due to high soil erosion rate in the catchment. High topographical variation, mining activities, agricultural activities and temporal rainfall variation within the catchment characterize the large quantity of runoff associated with high amount of sediment. Damodar catchment is dominated by industrial and mining activities. Due to open cast and illegal mining, mining washery industries increased the sediment inflow to the reservoirs located in the Damodar catchment. All these aspects have raised a serious concern about the reservoirs operation and other activities. To date no study is reported considering whole catchment and reservoirs; there are a few studies only on watersheds (Tripathi et al. 2003; Mishra et al. 2007; Pandey et al. 2007) . SWAT model was used first for identification of critical erosion area and then for developing a management plan to reduce the reservoir sedimentation. The present study has been undertaken with the following objectives: (1) parameterization of SWAT model for two watersheds within the catchment to simulate the runoff and sediment yield and then up-scaling of validated model to Damodar catchment for the identification of critical erosion watersheds; (2) estimation of reservoir sedimentation based on sedimentation rate obtained during study period and (3) implementation of an effective management plan to critical watersheds and simulation of their effects on the sedimentation and life of the reservoirs.
Materials and methods

Study area and data description
Upper Damodar catchment, a part of the lower Ganges River, is located in the upper reaches of the Damodar River basin in the Jharkhand state of India (Fig. 1) . The area lies between 23°34 0 to 24°91 0 North latitude and 84°42 0 to 86°46 0 East longitudes with an elevation variation between 122 and 1340 m above mean sea level. The catchment area is about 10,878 km 2 and the length of the main stream is about 250 km. There are two reservoirs (Konar and Panchet) located on the river and both are used for hydropower generation, irrigation, flood control, etc. The catchment is dominated by sub-tropical climate. Daily mean relative humidity varies from 40 to 95 % with alternating dry and wet periods. The daily temperature ranges from a minimum of 3°C to a maximum of 44°C with average annual rainfall of 1250 mm, more than 80 % of which occurs during July to September, the monsoon season. The vegetation of the study area comprises mixed forest, mainly deciduous and tropical moist forest, and rainfed agricultural areas. Major crops grown are rice, groundnut, maize in monsoon season and wheat, mustard and some vegetables in winter (DVC 2007) .
Daily rainfall, minimum and maximum air temperature for 1991-2001, monthly runoff and sediment yield data for 1997-2001 during monsoon season were collected for Nagwan and Banikdih watersheds from the Soil Conservation Department (SCD), Damodar Valley Corporation (DVC), Hazaribagh, India. More than 80 % of the annual rainfall was confined to the monsoon period (JuneSeptember), resulting in high amounts of runoff and sediment yield from the catchment. Gauging of runoff and sediment yield is done only in monsoon season, as there is no flow or less flow in other months of the year. Daily inflow and outflow data for 1991-2001 period, reservoir sedimentation and capacity survey reports for Konar (CWC 1998) and Panchet (CWC 1996) watersheds by the DVC. Differences in number of watersheds occurred because many of the first-order streams were not extracted using the SRTM DEM. Figure 1 shows the location of Konar and Panchet reservoirs with Nagwan and Banikdih watersheds.
The soil maps and soil properties data of the study area were collected from the National Bureau of Soil Survey and Land Use Planning (NBSS&LP) Kolkata, India. The soil of the study area is classified into three texture groups as sandy loam (80.17 %), sandy clay loam (9.53 %), and loamy sand (10.3 %). The LULC of the catchment is classified in five land use classes: agriculture (40.92 %), forest (30.74 %), wasteland (19.13 %), urban (3.16 %), water (4.50 %) and wetland (1.55 %) using Enhanced Thematic Mapper Plus (ETM?) remote sensing images of landsat-7 of 2000 (Row/path: 141/44, 140/43; date: 22.11.2000 , 14.10.2000 ) and 2001 date: 25.01.2001 , 02.11.2001 , 26.11.2001 ).
SWAT hydrological model
The SWAT model is a process-based distributed hydrological model; it operates on a daily time step to simulate sediment and runoff at the watershed scale (Arnold et al. 1998; Arnold and Fohrer 2005) using the Soil Conservation Service (SCS) Curve Number (CN) method and Modified Universal Soil Loss Equation, respectively. The model is designed to route water and sediments from individual watersheds, through the river systems and can incorporate water bodies: ponds, wetlands, reservoirs and potholes with identical methods for water and sediment processes modeling. For details about the model, refer to the SWAT user manual (Neitsch et al. 2005) . 
Model calibration and validation
The model calibration and validation was performed for the period of 1997-1999 and 2000-2001, respectively , with 2 years of warm-up period in each phase. Sensitivity analysis was performed for 30 parameters identified in the literature to have a potential influence on flow and sediment yield. Ranges of the parameters were based on the SWAT manual (Neitsch et al. 2005) . The most sensitive parameters were selected for model calibration, including SCS curve number, Manning's roughness coefficient and hydraulic conductivity for runoff. For sediment simulation, the linear parameter of sediment routing capacity, linear re-entrainment parameter, exponent of re-entrainment parameter, and the Manning's roughness coefficient are the most sensitive parameters, highlighting the importance of channel processes to sediment yield. Then the model was calibrated for monthly runoff and sediment yield for two watersheds (Nagwan and Banikdih) for the monsoon season and inflow to Konar and Panchet reservoirs for both monsoon and non-monsoon seasons. After calibration, the model was validated for the 2 years (2000) (2001) without changing the model parameters. Spatial land use and soil properties are assumed to be constant throughout the simulation period. Hargreaves method of evapotranspiration (ET) estimation is opted in this study because of two reasons: (1) availability of daily temperature data, and (2) recommendations given by Kannan et al. (2007) in which they showed that the combination of the curve number (CN) method with Hargreaves methods of ET estimation gives good results in streamflow simulation. The numerical and graphical performance criteria are used for performance evaluation of the model during calibration and validation period. The numerical performance criteria include percent bias (PBIAS), correlation coefficient (r), Nash-Sutcliffe coefficient (NS) and root mean square error (RMSE). These performance criteria can be estimated as:
where Y obs,i and Y sim,i are the observed and simulated hydrologic variables, respectively; whereas, Y obs and Y sim are the average of observed and simulated hydrologic variables, respectively, and n total number of data sets.
Identification and prioritization of critical watersheds
Variation in topography, soil, land use/cover, management conditions and rainfall characteristics over different parts of the catchment/watershed leads to variation in runoff and sediment yield. To control the sedimentation of water resources like reservoirs, better knowledge of hydrological processes of the watershed is required to identify critical erosion areas for developing effective management strategies. The validated model was used to simulate sediment yield during the study period (1997) (1998) (1999) (2000) (2001) ) and the critical watersheds in which soil loss exceeded the tolerance limit of 5.0 ton/ha/year (Singh et al. 1992) were identified. Watersheds within the catchment are grouped into different classes based on the average annual soil loss and priority was assigned in which they have to be taken up for soil conservation measures in near future. First, to test the SWAT model appropriateness in identification of critical watersheds, the watersheds of the Damodar catchment were classified into three erosion classes, i.e., low (0-5 ton/ha/year), medium (5-20 ton/ha/year) and high ([20 ton/ha/year) following the criteria proposed by Deore (2005) . The SWAT-simulated spatial distribution of erosion classes was compared with spatial distribution of erosion classes prepared by DVC. DVC used a method proposed by Karale et al. (1977) to classify 716 watersheds located in upper Damodar catchment into three classes, namely, low, medium and high using the sediment yield index. Sediment yield index is a function of weighted average erosion intensity and sediment delivery ratio. The different soil erosion classes of DVC survey are compared with the SWAT-derived erosion classes with the overlapping of the maps. After testing the appropriateness of the SWAT model in identifying critical watersheds, the simulated average annual sediment yield during the study period from watersheds was used to prioritize the watersheds in seven new classes for prioritizing management strategy to reduce reservoir sedimentation. The new classes had an average annual sediment rate of [40, 30-40, 25-30, 20-25, 15-20 and 5-15 and 0-5 ton/ha/year. The prioritized watersheds were considered for management in a sequential manner as described below.
Management of critical erosion-prone watersheds and reservoir sedimentation rate
Management of critical erosion watersheds requires adaptation of effective management practices to reduce soil erosion and sediment transport to the stream network and finally to water bodies. In practice, to control soil erosion problem in the study area, SCD Hazaribagh has initiated different management practices which includes construction of bunds, farm pond, check dams, etc. In the SWAT model these management practices are represented by considering farm pond in the watershed. Conservation practices such as contour bunding, graded bunding, strip cropping and terracing are represented using the weighted values of USLE support practice factor on the basis of slope factor. Plantation and agricultural practices are accounted through cover factor, curve number and conventional tillage. To treat the watersheds, which are under high and medium erosion risk classes, seven different management stages (based on critical sediment generation rate) were considered on the basis of average annual sediment yield. Each watershed is assigned priority according to its average sediment loss magnitude, except priority one (P-I) (watershed with high erosion surrounding the reservoirs). Priority one watersheds are to be treated first and thereafter, watersheds with an average annual sediment rate of [40 (P-II), 30-40 (P-III), 25-30 (P-IV), 20-25 (P-V), 15-20 (P-VI) and 5-15 (P-VII) ton/hectare/year, respectively, have been taken for treatment in a sequential manner. In all seven management stages, farm pond is added to every watershed and weighted conservation practice factor was changed in the management practices of agricultural area.
To estimate the useful life of Konar and Panchet reservoirs, the inflow and outflow sediment concentration in and from the reservoirs before and after treatment of watersheds was analyzed in sequential. The life of reservoirs was estimated using the procedure adopted in the sedimentation study of Konar reservoir (CWC 1996) . This study uses Brune (1953) curve approach which correlates the trap efficiency of a reservoir to its capacity inflow (C/I) ratio. The sediment deposition rate is computed by multiplying sediment inflow rate with the estimated trap efficiency. Percent silt deposition at full dead storage is determined from location curve and the volume of total silt trapped in the reservoir is determined by dividing the dead storage capacity by percent silt deposition. The life of the reservoir at dead storage level is determined by dividing the volume of sediment by the sediment deposition rate. Similarly, reservoir life at spillway elevations is also determined. The life of the reservoir is calculated for all the sequential conservation treatments. The present study is more concerned with the life up to the spillway level, because until this level there may not be any difficulty in the operation of the reservoir gates; however, the useful capacity is reduced.
Results and discussion
Calibration and validation of SWAT model
The model is calibrated and validated for the monsoon season (June-September) for runoff and sediment yield at the outlets of Nagwan and Banikdih watersheds. The calibrated values of Manning's n for overland flow, Manning's n for channel flow, and effective hydraulic conductivity of channel alluvium is found to be 0.10, 0.09 and 2.0 mm/h for Nagwan and 0.068, 0.21 and 6.70 mm/h for Banikdih watersheds, respectively. The curve number for Nagwan and Banikdih varies from 49 to 67 and 73 to 81, respectively, with surface lag time of one day for both the watersheds. In addition, sediment routing factor, linear reentrainment parameter and exponent of re-entrainment parameter (coefficients of sediment routing equation for channel sediment routing) are found to be 0.10, 0.02 and 1.3, respectively. These values are in close agreement with Betrie et al. (2011) reported values of routing factor as 0.12, linear parameter as 0.01 and exponent as 1.20 in sediment routing equation. The results of the model calibration and validation for runoff, sediment yield and reservoir inflow are presented below.
Runoff
Comparison between observed and simulated monthly runoff for calibration and validation periods is shown in Fig. 2a, b , respectively, for Nagwan and Banikdih watersheds. The magnitude and temporal variation of simulated runoff are in reasonable agreement with the observed runoff for the entire monsoon seasons for both the watersheds. It has been observed from the graphical comparisons of the two watersheds that during the beginning of the monsoon season, i.e., June, the model slightly under-predicts runoff. This may be due to the low initial soil moisture condition and higher storage loss condition, but overall graphical comparison of model performance has been found satisfactory as indicated by close agreement between measured and simulated values of runoff for the two watersheds located in the Damodar catchment. The descriptive statistics for calibration and validation periods for Nagwan and Banikdih are presented in Table 1 . The maximum values of runoff are over predicted by the model for both the watersheds varying between 10.15 and 19.03 mm during the calibration and validation periods. Overall, the maximum, average and standard deviation values of observed and simulated runoff are in close agreement. The PBIAS between observed and simulated runoff is higher in case of Nagwan as compared to Banikdih during calibration period.
However, the PBIAS is within the acceptable limit of ±15 % (Moriasi et al., 2007) and in accordance with the reported results of 11.73 % deviation by Mishra and Kar (2012) Moriasi et al. (2007) .
Sediment yield
The observed and simulated monthly sediment yield (monsoon season) for the calibration and validation periods is compared graphically for Nagwan and Banikdih watersheds and is shown in Fig. 3a , b. Simulated sediment yield follows the pattern of the observed sediment during the entire monsoon season except for few months. In the staring month of monsoon season, i.e., June, the simulated sediment yield is under-predicted by the model, same as in case of runoff. It is also observed from the graphical comparison that the model under-predicts the sediment yield for most of the monsoon months in two watersheds, which may be because of rainfall characteristics and SWAT model approach of sediment estimation based on the total quantity of rainwater rather than the intensity in the specific period. The slight differences may be attributed to conservation measures adopted during the years in both the watersheds. The sediment yield has direct relationship with runoff and hence it has been observed that sediment yield also follows the pattern of simulated runoff. The descriptive statistics for calibration and validation periods for both the watersheds are presented in Table 2 . The maximum sediment yield was over predicted by the model for the Nagwan watershed and under-predicted for the Banikdih watershed, but the average sediment yield and standard deviation are in close agreement for both the watersheds. The statistics indicate a close agreement between observed and simulated sediment yield from watersheds as indicated by quite high values of r (0.81-0.87) and NS (0.76-0.85) for the calibration and validation periods. The low value of RMSE (0.12-0.27 ton/ha) indicates that the model well simulates the peak values of sediment yield during the calibration and validation. In all cases, deviation between the observed and simulated sediment yield is much less than ±15 % which indicate that the model predicts sediment yield reasonably well in both the watersheds. Based on review study performed by Moriasi et al. (2007) , the results are well within the acceptable range of accuracy and the model can be used for further study. After the successful calibration and validation of SWAT model for Nagwan and Banikdih watersheds, the calibrated model parameters are up-scaled to other watersheds with respect to reservoir's sub-catchment (Nagwan for Konar sub-catchment, and Banikdih for Panchet subcatchment) and then calibration and validation of the reservoir inflows was done. The results for reservoirs inflow are discussed as below.
Reservoir inflow
Comparison between observed and simulated inflow to Konar and Panchet reservoirs for the calibration and validation periods is shown in Fig. 4a, b . Calibration of Konar reservoir was done first as outflow of Konar reservoir finally drains into Panchet catchment. For both the reservoirs, simulated monthly inflow during the monsoon and non-monsoon months matched well with their observed counterparts. However, the model under-predicts the reservoir during the starting of calibration period. This may be due to difference in initial conditions between the model and catchment condition. The warm-up period of 2 years may not be sufficient to initialize actual conditions. A longer warm-up period may solve this problem of under predication in early phase. A few peaks are under or over simulated by the model, which may be due to initial differences in actual and model simulated storage, temporal storage and soil moisture conditions in the catchment. The variation may also be attributed to two weather station used for simulating the hydrological processes in the large catchment area (10,878 km 2 ) divided into 411 watersheds, which may have not well captured the spatial variability of rainfall over the area. Use of more weather stations may give better representation of areal rainfall. Overall simulated inflow for the two reservoirs has a linear relationship with measured inflow. Table 3 presents the statistical summary of comparison between the observed and simulated inflows during the calibration and validation periods for both reservoirs. During calibration, over-prediction is observed in total inflow in case of Konar and under-prediction in case of Panchet reservoir and vice versa during the validation period. In case of Panchet reservoir, under-prediction of inflow may be due to the presence of Konar reservoir and other water harvesting structures like check dams, farm ponds, etc., in the upstream. Although outflow from Konar is taken into account, unavailability of data pertaining to structures influence may be one reason for under-and over-prediction in total inflow in both the reservoirs. Quite high values of r (0.82-0.86) and NS (0.81-0.95) coefficient during the calibration and validation periods indicate an appropriate simulation of trend and peak values of inflow in both the reservoirs. Low RMSE (between 7.84 and 50.95 m 3 /s) values indicate that the model simulates observed values reasonably well during the calibration and validation periods. On the other side, low value of PBIAS (between 16.77 and -8.21 %) indicates that the model is predicting reservoir inflow within the acceptable limit of accuracy as suggested by Moriasi et al. (2007) .
Identified critical watersheds of Damodar catchment
The critical watersheds were identified on the basis of average annual sediment yield obtained from the model output for the study period. First, to test the model appropriateness, watersheds were classified into three erosion classes (low, medium and high) and compared with manual classification of critical watersheds performed by SCD. Figure 5a , b shows classified watersheds maps. The model delineated 411 watersheds against manually delineated 472 watersheds by SCD, Hazaribagh. Out of these, 277 watersheds fall under high, 84 watersheds under medium and 50 watersheds under low soil erosion class based on model simulation results. On the other hand, SCD data shows that, 317, 94 and 61 watersheds fall under high, medium and low soil erosion classes, respectively. The spatial distribution of different erosion classes, performed by using SWAT model, matched well with manually defined erosion classes. Because of difference in the number of delineated watersheds by SWAT model and DVC, the area under different erosion classes was compared using GIS tools. Table 4 shows the comparison of area under different erosion classes with DVC priority. From the analysis, 80.60 % prioritized area between SWAT model and DVC is exactly same but 19.40 % area has spatial mismatch. For example, 5956.99, 1637.48 and 1085.63 km 2 area classified under high, medium and low soil erosion classes using SWAT model as well as the manual classification of DVC, have the same spatial boundaries. The rest of the area showed mismatch between spatial distribution of erosion classes. However, the total classified area under three classes, using model as well as manual approach (DVC), is almost same. At this stage, it is assumed that SWAT model is well simulating the hydrological process in the Damodar catchment. For the management purposes, the critical erosion watersheds were again classified into seven different classes (Fig. 6) as discussed in the ''Materials and methods'' section. Management of these watersheds has been taken up sequentially. The findings before and after management adaptation, on annual sediment inflow into reservoir, reservoir sedimentation and reservoir life are discussed below.
Reservoir sedimentation rate and life
The simulated sediment inflow into reservoir and reservoir sedimentation rate, as an impact of sequentially implemented conservation measures in watersheds corresponding to seven management stages, are presented in Fig. 7 for both reservoirs. The results show that the magnitude of sediment inflow as well as deposition rate in the Konar reservoir is much less as compared to Panchet reservoir. This is because of the location of Panchet reservoir which CWC (1996) .
To simulate the effect of management practices (soil and water conservation measures) on reservoir sedimentation rate and life, a management plan was sequentially implemented in the critical watersheds considering assignment of their priority based on proximity of watersheds to reservoirs and average annual sediment loss. The highpriority watersheds in the vicinity of the reservoir were treated first and watersheds having an average annual sediment loss >40, 30-40, 25-30, 20-25, 15-20 and 5-15 ton/ha/year, respectively, were taken up sequentially for treatment. Their impact on reservoir sedimentation was studied. Simulation results showed that the sedimentation rate decreased from the current rate of 1.12 and 3.65 Mm 3 / year to 0.98 and 1.80 Mm 3 /year for Konar and Panchet reservoirs, respectively (Fig. 7) . Table 5 shows the increase in reservoir's useful life, up to spillway storage level, from the reference year of 1997 based on sequential treatment of watersheds pertaining to the priority class. The estimated life of the Konar reservoir without management adaptation is 97 years. With management scenario P-I (treating the high-priority watersheds around the reservoir) life is increased to 100 years. However, the reservoir would take 105 years to get filled up to spillway level when all watersheds are treated up to management scenario P-VII. This shows an increase in the life of about 8.25 % with respect to reference year 1997. The analyzed marginal increase only is due to the fact that most of the watersheds in the Konar catchment are already saturated with respect to soil conservation. The life of Panchet reservoir up to the spillway, under the study period condition, estimated as 117 years, which increases to 139 years (an increase of 18.80 %) when scenarios P-I and scenario P-II are implemented. During scenario P-III, maximum increment in life is estimated to 180 years (53.85 % increase compared to study period condition in 1997). This might be because of treatment of maximum number of watersheds generating high sediment yield in the catchment. Sequentially increasing the conservation management from scenario P-IV to P-VII, the increment in the life of Panchet reservoir is less as compared to other scenarios because these scenarios have medium-priority watersheds. Overall results show increment in the life of both the reservoirs because of management scenarios implementation in the catchment. Adaptation of management plan in the catchment resulted in additional increment in the life of Konar and Panchet reservoirs by 8 and 85 years, respectively. These results clearly indicate that the SWAT model can be used for identification and management of critical erosion areas to control sediment inflow to reservoir.
Conclusions
With the application of SWAT model, runoff, sediment yield and reservoir inflow were simulated in Damodar catchment. Calibration and validation results of the model show that simulated monthly runoff, sediment yield and reservoir inflow were in reasonable agreement with observed counterparts with PBIAS less than ±16.77 % in all watersheds fall under high, medium and low erosion classes, respectively. The SWAT-simulated spatial distribution of different erosion classes matched well (80.60 % area) with the DVC reported erosion classes. The average sediment deposition rate calculated using the SWAT model simulations for the period of 1997-2001 is found to be close to the average annual sediment deposition rates estimated by CWC for Konar and Panchet reservoirs. Adaptation of sequential conservation measures pertaining to identified critical watersheds in the catchment resulted in decrease in reservoir sedimentation rate from the current rate of 1.12 and 3.65 Mm 3 /year to 0.98 and 1.80 Mm 3 /year for Konar and Panchet reservoirs, respectively. However, these conditions may alter in future if there is any change in land use/cover, rainfall pattern, agriculture and human activities in the area. The study shows that the SWAT model can be successfully used for identifying the critical watersheds in the Damodar catchment where direct observations are not possible, and their effect on the sedimentation rate and reservoirs' useful life. This modeling methodology will be helpful in a data-scarce environment; where a full survey of the catchment and installation of gauging stations is not possible in every watershed. A study such as this may also serve as a quick and accurate tool in identification of critical erosion watersheds, reservoirs' sedimentation rate and their useful life in contrast to traditional survey-based methods, which are time-consuming.
